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I, Mr. Stephen Wood, hereby declare as follows: 

1 . I have been employed by Amgen and I am presently a Senior Scientist at Amgen. During my 
Employment at Amgen, I have been engaged in research and development in the area of amyloid 
related diseases, including Alzheimer's disease. I have a M.S. in Biochemistry from The 
University of Nebraska- Lincoln. My CV is attached as Exhibit 5. 

2. The following experiments were performed at Amgen, Inc. under my supervision: 

3. Binding of mAb 369.2B (the antibody disclosed the cited document WO 96/25435) to A(3 was 
compared to control antibody 2.1 chimera (disclosed as "PC2" in US 2003/0082191). In these 
experiments, Ap 1-40 (A(340) fibril or monomer, Ap 1-42 (AP42) fibril or monomer, a-synuclein 
or collagen fibrils were coated onto 96-well microtiter plates and dried overnight at 37°C. Then, 
mAb 369.2B or mAb 2.1 chimera were incubated at various dilutions in the plates. Binding of 
the antibodies was detected using a biotinylated secondary antibody followed by europium- 
tagged streptavidin. The assay readout is the time-resolved fluorescence of europium (TRF). 
These results are illustrated on Exhibits 1 and 2. 
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4. Exhibits 1C and D are control experiments that demonstrate that 369.2B and 2.1 chimera 
antibodies do not exhibit non-specific binding. Exhibits 1A and Exhibit 2 A depict experiments 
showing that mAb 369.2B does not bind to Ap 1-40 (AJ340) fibrils or monomers, while 2.1 
chimera does. 

5. Exhibits IB and 2B show binding of said antibodies to Ap 1-42 fibrils and monomers. These 
data show that mAb 369.2B exhibits weaker binding compared to 2.1 chimera, as evidenced by a 
shift in the curve of mAb 369.2 to the right. 

6. Immunohistochemistry was performed to demonstrate whether mAB 369.2B bound to 
amyloid plaques in unfixed brain tissue. Fresh-frozen sections from an 1 8 month-old Tg2576 
mouse, not fixed with fixative or treated with formic acid, were incubated with lmg/ml of the 
indicated antibodies. Binding was detected using biotinylated goat anti-mouse IgG and avidin- 
HRP with Mouse to mouse system (Vector). Images were taken at 4x magnification on a Nikon 
Microphot-FXA microscope. A 6-score system was assigned based on staining level by visual 
assessment, where 0 represents the staining level seen in corresponding control sections and 5 
plus are densest staining. mAb 4G8 binds to the mid-region of AP (residues 17-24), mAb 369.2b 
is a C-terminal Ap binder, mAb 2.1 is a N-terminal binder and mAb 4D2 is an irrelevant IgGl 
(negative control). These data are depicted on Exhibit 3. These data show that there is little 
binding of mAb 369.2B to plaques in the brain tissue, when compared to mAb 2.1. These data 
confirm the results shown in Exhibits IB and 2B, that mAb 369.2B has low binding affinity for 
amyloid fibrils. The low-level binding exhibited by mAb 369.2b is not sufficient to opsonize 
amyloid fibrils and induce removal of amyloid deposits in vivo. 

7. Ex vivo phagocytosis assay was used as an efficacy test for the antibodies. This assay 
translates biochemical-binding properties into therapeutic utility by evaluating an antibody's 
capacity to induce phagocytosis of amyloid plaques. It has been have shown previously that the 
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phagocytosis assay is the best available predictor of in vivo antibody efficacy (reduction of 
plaque burden) in mouse models of Alzheimer's Disease. 1 

8. Cell binding and tissue binding assays were performed by increasing amounts of the indicated 
antibodies incubated with unfixed brain sections from a 19 month-old Tg2576 mouse and 
microglial IC21 cells (a phagocytic celUine). After 24-hour incubation, the tissue samples were 
fixed, and stained with biotinylated 6E10 followed by a streptavidin-FITC (Vector). IC-21 cells 
were stained with rat anti-CD45 and goat anti-rat IgG-cy3. Blinded slides were scored for 
phagocytic events on a Zeiss LSM5 Pascal Confocal Microscope and reported as percent of total 
plaques counted (over 100) that were partially or fully engulfed (n=3). As shown in Exhibit 3, 
increasing the concentration of mAb 2.1 resulted in a concentration-dependent increase in 
phagocytosis with EC50 value, 0.68 ug/ml. Phagocytic efficacies of AJ3 mid-region binder, mAb 
4G8 and C-terminal A£ binders, mAb 369.2b and Confab 42, were substantially reduced when 
compared to the N-terminal mAb 2.1. The minimal level of phagocytic activity induced by mAb 
369.2b would not be predicted to remove amyloid deposits in vivo 1 , 

9. I declare that all statements made herein on my own knowledge are true and that all 
statements made on information and belief are believed to be true and further that these 
statements are made with the knowledge that willful false statements and the like are punishable 
by fine or imprisonment, or both, under § 1001 of Title 18 of the United States Code, and that 
such willful false statements may jeopardize the validity of the above-referenced application or 
any patent issuing thereon. 




Baud, F. et al. (2003) PNAS 100(4), 2023-8 (Exhibit 6). 
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Stephen J. Wood 



EDUCATION : 

Bachelor of Science in Biological Sciences (1987), University of Nebraska- Lincoln 
Master of Science in Biochemistry (1990), University of Nebraska- Lincoln 



Professional Experience: 

9/04 - Present Senior Scientist (formerly Research Scientist II), Neuroscience Dept., 

Amgen Thousand Oaks, CA 

9/02 - 9/04 Research Scientist I, Neuroscience Dept., Amgen Thousand Oaks, CA 

2/01 - 2/02: Associate Scientist II, Neuroscience Dept., Amgen Thousand Oaks, CA 

6/99 - 2/01 : Associate Scientist I, Neuroscience Dept., Amgen Thousand Oaks, CA. 

6/97 - 6/99: Research Associate III, Neuroscience Dept., Amgen Thousand Oaks, CA. 

1994 - 6/97: Senior Scientist, Macromolecular Sciences Dept., SmithKline Beecham 

Pharmaceuticals, King of Prussia, PA 19406. 

1992 - 1994: Scientist, Macromolecular Sciences Dept., SmithKline Beecham 

Pharmaceuticals, King of Prussia, PA 19406. 

1990 - 1992: Associate Scientist, Macromolecular Sciences Dept., SmithKline Beecham 

Pharmaceuticals, King of Prussia, PA 19406. 

Scientific Expertise: 

• Alzheimer's and Parkinson's Disease research 

• Protein aggregation/amyloid fibril formation 

• In vitro assay development and optimization 

• Protein purification, modification and characterization 

• Protein-protein interactions 

• Protein mutagenesis studies 

• Protein therapeutic candidate generation 

o Primary screening (phage and yeast display; antibody generation) 
o Candidate evaluation (specificity and affinity measurements, epitope mapping, 
etc.) 

• Small molecule therapeutic candidate generation 
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o Primary, high-throughput assay development and screening 

o Candidate evaluation (secondary screens, IC50 measurements, etc.) 



PUBLICATIONS: 

1. Krishnan, S., Chi, E. Y., Wood, S.J., Kendrick, B. S., Li, C, Garzon-Rodriguez, W., Wypych, J., 
Randolph, T. W., Narhi, L., Biere, A.L., Citron, M. and Carpenter, J. F. (2003). Oxidative Dimer 
Formation is the Critical Rate-Limiting Step for Parkinson's Disease a-Synuclein Fibrillogenesis. 
Biochemistry 42 (3), 829-37. 

2. Biere, A. L., Wood, S. J., Wypych, J. Steavenson, S., Jiang, Y., Anafi, D., Jacobsen, F. W., 
Jarosinski, M. A., Wu, G. M., Louis, J. C, Martin, F., Narhi, L. O. and Citron, M. (2000). 
Parkinson's Disease-associated a-Synuclein is More Fibrillogenic than p- and y-Synuclein and 
Cannot Cross-seed its Homologs. Journal of Biological Chemistry 275 (44), pp 34574-34579. 

3. Myszka, D. G., Wood, S. J. and Biere, A. L. (1999). Analysis of Fibril Elongation Using Surface 
Plasmon Resonance Biosensors. Methods in Enzymology 309 (25), pp. 386-402 

4. Wood, S. J., Wypych, J., Steavenson, S., Louis, J. C, Citron, M. and Biere, A. L. (1999). a- 
Synuclein Fibrillogenesis is Nucleation-Dependent: Implications for the Pathogenesis of 
Parkinson's Disease. Communication in Journal of Biological Chemistry 274 (28), pp 19509- 
19512. 

5. Howlett, D. R., Perry, A. E., Godfrey, F., Swatton, J. E., Jennings, K. FL, Spitzfaden, C, 
Wadsworth, H., Wood, S. J. and Markwell, R. E. (1999). Inhibition of Fibril Formation in p- 
Amyloid Peptide by a Novel Series of Benzofurans. Biochemical Journal 340, pp 283-289. 

6. Narhi, L.*, Wood, S. J.*, Steavenson, S.*, Yijia, J., Gay, M. U., Anafi, D., Kaufman, S. A., 
Martin, F. Sitney, K., Denis, P., Louis, J. C, Wypych, J., Biere, A. L., Citron, M. (1999). Both 
Familial Parkinson's Disease Mutations Accelerate a-Synuclein Aggregation. Journal of 
Biological Chemistry 274 (14), pp 9843-9846. 

7. Wood, S.J., Chan, W. and Wetzel, R. (1996). An ApoE-Ap Inhibition Complex of A|3 Fibril 
Extension. Chemistry and Biology 3 (1 1), pp 949-956. 

8. Wood, S.J., Chan, W. and Wetzel, R. (1996). Fibril Formation Induced by Exogenous Beta-A4 
Seeds is Inhibited by Apolipoprotein E. Biochemistry 35 (38), pp 12623-12628. 

9. Wood, S.J., MacKenzie-LoCastro, L., Holl, W., Maleeff, B., Hurle, M.R. and Wetzel, R. (1996). 
Selective Inhibition of Beta- A4 Fibril Formation. Journal of Biological Chemistry 271 (8), pp 
4086-4092. 

10. Wood, S.J., Maleeff, B., Hart, T. and Wetzel, R. (1996). Physical, Morphologic and Functional 
Differences Between pH 5.8 and 7.4 Aggregates of the Alzheimer's Peptide A-Beta. Journal of 
Molecular Biology 256, pp 870-877. 
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1 1 . Wood, S.J., Wetzel, R. and Hurle, M.R. (1 995). Proline Substitutions Eliminate the 
Amyloidogenicity of Peptides Analogous to the 12-26 Region of Beta- A4. Biochemistry 34 (3), 
pp 724-730. 

12. Howlett, D.R., Jennings, K.H., Lee, D.C. Clark, M.S.G., Brown, F., Wetzel, R.B., Wood, S.J., 
Camilleri, P., and Roberts, G.W. (1995). Aggregation State and Neurotoxic Properites of 
Alzheimer Beta-Amyloid Peptide. Neurodegeneration 4, pp 23-32. 

13. Wetzel, R., Wood, S.J., Davis, J.B. and Hurle, M.R. (1994). Proline Substitutions in Beta Peptide 
Fragments Eliminate Both Fibril Formation and Cellular Toxicity. Neurobiology of Aging 15, 
Supplement 1, pp 206. 

14. Wood, S.J. and Wetzel, R. (1992). A Novel Method for the Incorporation of Glycoprotein- 
derived Oligosaccharides into Neoglycopeptides. Bioconjugate Chemistry 3, pp 391-396. 

15. Wood, S.J. and Wetzel, R. (1992). Novel Cyclization Chemistry Especially Suited for 
Biologically Derived, Unprotected Peptides. International Journal of Peptide and Protein Research 
39, pp 533-539. 

ABSTRACTS 

1 . Wood, S.J., Jaronsinski, M., and Biere, A.L. Effects of Single Amino Acid Substitutions on A(3 
Fibril Elongation. FASEB Conference on Amyloids and Other Protein Assembly Processes, 
Copper Mountain, CO, June 11-16, 2000. 

2. Wood, S.J., Wetzel, R.B. and Hurle, M.R. Effects of Mutation and pH on Fibrillization of 
Truncated Beta-A4 Peptides. The VII m International Symposium on Amyloidosis, Kingston 
Ontario Canada, July 11-15, 1993. Fibrillogenesis #W01, pp 156. 
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Epitope and isotype specificities of antibodies 
to j8-amyloid peptide for protection against 
Alzheimer's disease-like neuropathology 

Frederique Bard*, Robin Barbour, Catherine Cannon, Robert Carretto, Michael Fox, Dora Games, Teresa Guido, 
Kathleen Hoenow, Kang Hu, Kelly Johnson-Wood, Karen Khan, Dora Kholodenko, Celeste Lee, Mike Lee, Ruth Motter, 
Minh Nguyen, Amanda Reed, Dale Schenk, Pearl Tang, Nicki Vasquez, Peter Seubert, and Ted Yednock 
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Transgenic PDAPP mice, which express a disease-linked isoform of 
the human amyloid precursor protein, exhibit CNS pathology that 
is similar to Alzheimer's disease. In an age-dependent fashion, the 
mice develop plaques containing /3-amyloid peptide (A/3) and 
exhibit neuronal dystrophy and synaptic loss. It has been shown in 
previous studies that pathology can be prevented and even re- 
versed by immunization of the mice with the A/3 peptide. Similar 
protection could be achieved by passive administration of some 
but not all monoclonal antibodies against A/3. In the current studies 
we sought to define the optimal antibody response for reducing 
neuropathology. Immune sera with reactivity against different A/3 
epitopes and monoclonal antibodies with different isotypes were 
examined for efficacy both ex vivo and in vivo. The studies showed 
that: (/) of the purified or elicited antibodies tested, only antibodies 
against the N-terminal regions of A/3 were able to invoke plaque 
clearance; (//) plaque binding correlated with a clearance response 
and neuronal protection, whereas the ability of antibodies to 
capture soluble A/3 was not necessarily correlated with efficacy; 
(Hi) the isotype of the antibody dramatically influenced the degree 
of plaque clearance and neuronal protection; (/V) high affinity of 
the antibody for Fc receptors on microglial cells seemed more 
important than high affinity for A/3 itself; and (v) complement 
activation was not required for plaque clearance. These results 
indicate that antibody Fc-mediated plaque clearance is a highly 
efficient and effective process for protection against neuropathol- 
ogy in an animal model of Alzheimer's disease. 

Immunization of the transgenic PDAPP mice with /3-amyloid 
peptide (A/3)-derived immunogens results in an antibody 
response that facilitates the clearance of plaques within the 
central nervous system (CNS) (1-4). Although a number of 
mechanisms are likely to operate in this clearance response (5, 
6), our previous findings strongly indicate that antibody- 
mediated, Fc-dependent phagocytosis by microglial cells and/or 
macrophages is important to the process (7). Importantly, a T 
cell response was not required for amyloid plaque clearance. 
When peripherally administered, antibodies against Aj8 entered 
the CNS of PDAPP transgenic mice, decorated amyloid plaques, 
and induced plaque clearance. Comparing different antibodies 
in an ex vivo assay with sections of PDAPP or Alzheimer's 
disease (AD) brain, there was a strong correlation between those 
that produced ex vivo efficacy and those that were efficacious in 
vivo. Fc receptors on microglial cells were found to be key for the 
clearance response in this assay. However, it has been reported 
that antibody efficacy can also be obtained in vivo by mechanisms 
that are independent of Fc interactions (8). Studies have indi- 
cated that an antibody directed against the midportion of A/3, 
which cannot recognize amyloid plaques, appears to bind to 
soluble A/3 and reduce plaque deposition (6). In addition, it has 
been reported recently that short-term treatment with this 
antibody improved performance in an object-recognition task 
without affecting amyloid burden (9). 



To understand the parameters of an antibody response that 
are required for neuronal protection, several questions should be 
considered. Is neuronal protection associated with plaque clear- 
ance, or is it necessary for antibodies to capture soluble aggre- 
gates of A/3 to protect neurons against the directly toxic effects 
of the peptide? Does a clearance response depend on Fc 
receptor-mediated phagocytosis of Aj8 after antibody binding or 
on complement receptor-mediated phagocytosis after antibody 
binding and complement activation? Alternatively, is a clearance 
response independent of antibody Fc receptor function? 

In the current study we approached these questions by exam- 
ining the influence of different antibody epitopes and isotypes on 
plaque clearance and neuronal protection. The studies took 
advantage of the fact that some epitopes of A/3 are preferentially 
available for antibody binding within plaques, whereas others are 
only available for antibody capture of the soluble peptide. In 
addition, the isotype of an antibody is important for either Fc- 
or complement-mediated phagocytosis of A/3 by microglial cells, 
because antibody isotype defines its affinity for Fc receptors as 
well as its ability to activate complement. If plaque clearance 
and/or neuronal protection do not depend on Fc-mediated 
processes, then the isotype of an antibody against Aj3 should 
have little impact on efficacy. These studies provide insight for 
the design of antibodies with therapeutic potential. 

Materials and Methods 

A/3 Fragments. Peptides corresponding to Aj31-5, A/33-9, Aj35- 
11, and A/315-24 and the reverse sequence A/35-1 were synthe- 
sized contiguous to a 17-aa T cell epitope derived from ovalbu- 
min (amino acids 323-339, ISQAVHAAHAEINEAGR) on a 
branched peptide framework (triple-lysine core with four pep- 
tide arms) to produce a multiantigen peptide as described (10). 
Polyclonal antibodies against A01-42 (pAb 1-42) were raised 
and the Ig fraction was isolated as described (7). pAb-EL16, 
pAb-EL17, and pAb-EL20 were obtained from the sera of 
PDAPP mice immunized with peptides corresponding to A/31-7, 
A/315-24, and A/33-9, respectively, which had been synthesized 
on a branched framework as described above. pAb-EL26 was 
obtained from the sera of mice immunized with A/3(7-l)-42. The 
peptides were synthesized by AnaSpec (San Jose, CA). 

Monoclonal Antibodies (inAbs). The production of mAbs 10D5 and 
6C6, which were raised against synthetic A/31-28 coupled to a 
carrier protein, has been described (11). mAbs 12B4, 2C1, 
12A11, and 3A3 were raised against synthetic A/31-42 by using 
similar methodology except that hybridoma supernatants were 
screened by an RIA. All antibodies were purified by HPLC and 
were free of endotoxin (<1 endotoxin unit/mg protein) as 
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determined by the Limulus amoebocyte gel-clot assay (Associ- 
ates of Cape Cod). The mAbs 3D6 and 21F12 were obtained as 
described (7), and 22D12 and 266 were raised against synthetic 
A/313-28 (12). 

Epitope Mapping. Epitope mapping of the mAbs and pAbs was per- 
formed by using an ELISA that measured antibody binding 
to overlapping peptides (10 amino acid peptides offset by 1 residue) 
covering the entire A/31-42 sequence. The first 32 peptides were 
biotinylated at the C terminus, and the last 10 peptides were bio- 
tinylated at the N terminus. The biotinylated peptides were syn- 
thesized by Mimotopes (Clayton, Victoria, Australia) and captured 
on streptavidin-coated wells of a 96-well plate (Pierce). 

Passive and Active Immunization Procedures. mAbs in PBS were 
given via passive administration (i.p. injection) at a dose of 10 
mg/kg weekly for 6 months. For active immunization, 100 ju,g of 
A/3 fragment was administered by i.p. injection in complete 
Freund's adjuvant followed by boosts with 100 jag of peptide in 
incomplete Freund's adjuvant at 2 and 4 weeks, and monthly 
thereafter. 

Antibody Binding to Aggregated and Soluble A/31-42. Serum titers 
(determined by serial dilution) and mAbs binding to aggregated 
synthetic A01-42 were performed by ELISA as described (1). 
Soluble A/31-42 refers to the synthetic A/31-42 peptide soni- 
cated in dimethyl sulfoxide. Serial dilutions of sera or mAb at 20 
;ug/ml were incubated with 50,000 cpm [ 125 ]A/31-42 («190 
;u,Ci//xmol; labeling with Iodogen reagent, Pierce) overnight at 
room temperature. Fifty microliters of a slurry containing 75 
mg/ml protein A Sepharose (Amersham Pharmacia) and 200 ju,g 
of rabbit anti-mouse IgG (H+L) (Jackson ImmunoResearch) 
was incubated with the diluted antibodies for 1 h at room 
temperature, washed twice, and counted on a Wallac gamma 
counter (Perkin-Elmer). All steps were performed in RIA 
buffer consisting of 10 mM Tris, 0.5 M NaCl, 1 mg/ml gelatin, 
and 0.5% Nonidet P-40, pH 8.0. 

Ex Vivo Assay. Cryostat sections (10 pirn in thickness) of PDAPP 
mouse brain were thaw-mounted onto round polylysine-coated 
coverslips and placed in the wells of 24-well tissue-culture plates. 
Microglial cells and antibodies were added to the wells and 
cultured for 24 h as described (7). After incubation, cultures were 
extracted with an 8 M urea buffer and frozen quickly. Total A/3 
level in the cultures was determined by ELISA as described (13). 

Statistical analyses were performed by using prism 3.0 software 
(GraphPad, San Diego). 

Results and Discussion 

A/3 Epitope: Epitopes Within the N Terminus of A/3 Are Important for 
Plaque Clearance and Reduction of Neuritic Pathology. We have 
shown previously that not all antibodies against A/3 can trigger 
plaque clearance in vivo. Efficacy can be predicted by the ability 
of antibodies to both bind plaques within unfixed sections of 
PDAPP or AD brains and trigger plaque clearance in an ex vivo 
assay (7). In the current study, a number of mAbs and pAbs 
directed against different epitopes of A/3 were examined for 
plaque reactivity and ex vivo efficacy. Only antibodies against 
epitopes within the N-terminal 11 aa of A/3 were found to be 
active in either regard (Table 1). These findings also illustrate 
that, of the five antibodies previously examined in vivo, those 
against N-terminal epitopes were effective in reducing plaque 
burden (pAbl-42, 3D6, and 10D5), whereas those against 
C-terminal epitopes were inactive (16C11 and 21F12) (7). 

To extend these findings and further characterize epitopes 
within the N terminus of A/3, a series of peptides were compared 
for their ability to trigger an efficacious antibody response in 
vivo. Twelve- to 13-month-old PDAPP mice were immunized 



Table 1. Antibodies directed against epitopes within the 
N-terminal 11 aa of A/31-42 bind amyloid plaques and trigger 
phagocytosis in an ex vivo assay 



Binds plaques Triggers ex vivo 

Antibody Epitope (PDAPP) phagocytosis 



3D6 


1-5 


+ + + + 


pAb-EL16 


1-7 


+ + + + 


pAb1^2 


1-11 




10D5 


3-7 




pAb-EL21 


5-11 




pAb-EL26 


11-26 




22D12 


18-21 




266 


16-24 




pAb-EL17 


15-24 




16C11 


33^12 




21F12 


34-42 




Both measur 




n three-step visual rating system based on f luo- 


rescence intensity for the plaqu< 


:s and by degree of A(3 uptake as described (7). 



with one of three N-terminal peptide fragments (A/31-5, A/33-9, 
or A/35-11) or a fragment derived from an internal region of the 
peptide (A015-24) (Fig. la). The internal peptide A/315-24 
encompasses the epitope of antibody 266, which exhibits high 
affinity for soluble A/3 (12), but as shown above it does not 
recognize plaques in sections of unfixed AD or PDAPP tissue 
(Table 1). Thus, it was of interest to determine whether a 
polyclonal response directed against this peptide could produce 
antibodies capable of plaque recognition or whether reactivity 
with soluble A/3 alone was sufficient to provide efficacy. In these 
studies, a peptide with reverse sequence (A/35-1) served as a 
negative control. The peptides were synthesized contiguous to a 
17-aa T cell epitope derived from ovalbumin and presented in an 
identical multivalent configuration (see Materials and Methods). 
All the peptides (except A05-1 reverse mer) produced sera that 
recognized aggregated synthetic A/31-42 by ELISA (Fig. lb). In 
contrast, only sera against the N-terminal peptides were able to 
recognize A/3 within plaques; antisera against A015-24 did not 
bind plaques despite strong reactivity with the synthetic aggre- 
gated peptide (Fig. lc). There also were differences between the 
serum groups in their ability to capture soluble A0 (Fig. 2a). Less 
than 30% of the sera from mice immunized with A/31-5 or 
A/33-9 captured the soluble peptide (27% and 5%, respectively). 
In contrast, sera from approximately half of the animals immu- 
nized with A/35-11 and all of those immunized with A/315-24 
captured soluble A/31-42. 

Because the degree of A/3 deposition can vary greatly as 
PDAPP mice age, the in vivo study was designed with at least 30 
animals per group. Efficacy data are shown for individual mice 
and expressed as the percentage of either amyloid burden or 
neuritic dystrophy relative to the mean of the control (set at 
100%). Immunization with each of the three N-terminal peptides 
significantly reduced amyloid burden (46-61%, P < 0.002) (Fig. 
2b). Furthermore, A/33-9 and A/35-11 significantly reduced 
neuritic pathology (34% and 41%, respectively; P < 0.05) (Fig. 
2c). In contrast, immunization with A/315-24 provided no pro- 
tection against either amyloid burden or neuritic pathology. 
These results further support the association between plaque 
binding and antibody efficacy. They also indicate that capture of 
soluble A/3 is not required for reduction of neuritic pathology, 
because the antibody response against A03-9 provided strong 
plaque reactivity and the highest level of protection against 
neuronal dystrophy yet exhibited the weakest capacity for rec- 
ognition of soluble peptide. These results, however; do not 
eliminate the possibility that antibodies specific for A0 capture 
could provide efficacy at higher titers or over longer periods of 
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Fig. 1. Antibodies produced by immunization with N-terminal fragments of 
A/3 bind to amyloid plaques, (a) Peptides encompassing various domains of 
A/31-42 (synthesized contiguous to T cell epitope derived from ovalbumin) 
were used to immunize PDAPP mice. A reverse mer, A/35-1, was used as a 
negative control. Ob) ELISA titers against aggregated A/31-42 were signifi- 
cantly higher over the length of the study in the A/35-1 1 and AJ315-24 groups 
than in the A/31-5 group (1 :1 4,457, P < 0.01 , and 1 :1 2,257, P < 0.05 vs. 1 :3,647, 
respectively; ANOVA followed by post hoc Tukey's test), (c) Unfixed cryostat 
sections from untreated PDAPP mouse brain were exposed to the sera of mice 
immunized with A05-1, A/33-9, A/35-11, or A/315-24 (titers normalized to 
1 :1,000 for staining). Antibodies to A/31 5-24 did not bind to amyloid plaques. 
(Scale bar, 500 jxm.) 



time, as has been reported by DeMattos et al. (6) using the 
high-affinity capture antibody 266. 

Antibody isotype: lgG2a Antibodies Against A/3 Are More Efficient 
than lgG1 or lgG2b Antibodies in Reducing Neuropathology. Murine 
phagocytotic effector cells such as microglia within the CNS 



Treatment groups 



Fig. 2. Capture of soluble A/31-42 by antibodies is not associated with reduced 
amyloid burden or neuritic pathology, (a) Sera from mice immunized with frag- 
ments of A/3 were examined for their ability to capture radiolabeled soluble 
A/31-42 in an RIA. Sera from all animals immunized with A/315-24 were able to 
capture soluble A/31-42 (one serum sample had a titer higher than 1:1,350, and 
a precise titer was not determined) compared with 27% of those in the A/31-5 
group and 3% of the A/33-9 group. Amyloid burden (fa) and neuritic pathology (c) 
were evaluated with image analysis by a blinded microscopist. Values are ex- 
pressed as a percentage of the mean of the A/35-1 group (negative control reverse 
mer peptide). The A/35-11 group was evaluated at a separate sitting from the 
other groups but in conjunction with the same negative control group as an 
internal reference (second A/35-1* set, on the right). Amyloid burden was re- 
duced significantly in the A/31-5, A/33-9, and A/35-1 1 groups (P < 0.001). The bars 
represent median values, and the dashed horizontal line indicates the control 
level. Neuritic burden was reduced significantly in the A03-9 and A/35-1 1 groups 
(P < 0.05). Neither endpoint was altered significantly by immunization with the 
A/31 5-24 group. Statistical analysis was performed with square-root transforma- 
tion (to normalize nonparametric distributions) and analyzed with ANOVA. A 
Dunnett's test then was used to compare the multiple groups A/31-5, A03-9, and 
A/315-24with their A05-1 control and Mann-Whitneyforthe A/35-1 1 groupwith 
its corresponding A/35-1* control. 



express three different classes of IgG-specific Fc receptors (FC7 
receptors): a high-affinity receptor, FcyRI, and two low-affinity 
receptors, Fc7R.II and FcyRIII (14). Fc-yRII is a single-chain re- 
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Table 2. mAbs against A/33-7 have different avidity for 
aggregated and soluble synthetic A/31-42 



Antibody 


Epitope 


Isotype 


ED 50 on 
A/31^12, pM 


% Capture 
A/31-42 


6C6 


A/33-7 


lgG1 


40 




10D5 


A/33-7 


IgGI 


53 




2C1 


A/33-7 


!gG2a 


333 




12B4 


A/33-7 


lgG2a 


667 


8 


3A3 


A/33-7 


lgG2b 


287 


1 


12A11 


A/33-7 


lgG2b 


233 


30 


A/31-42. 


nparison, the a 


ntibody 266 at 


10 jj,g/mi would capture 70% of 



ceptor with two major isoforms that apparently lack phagocytic 
capacity (15). FcyRI and FcyRIII are heterooligomeric com- 
plexes in which the specific ligand-binding a chains are associ- 
ated with a common y chain. The precise contribution of FcyRI 
and FcyRIII to the phagocytosis of opsonized particles has not 
been defined; however, it has been shown that both receptors, 
and in particular FcyRI, exhibit a higher affinity for murine 
IgG2a than for IgGI or IgG2b (16). Furthermore, IgG2a has 
proven to be more effective in a number of in vivo clearance 
responses than the other antibody isotypes (17-20). Thus, if 
Fc-mediated phagocytosis of A/3 peptide is an important mech- 
anism for antibody-mediated plaque clearance, then IgG2a 
antibodies would be expected to reduce plaque burden more 
efficiently than the other antibody isotypes. 

To address this issue, experiments were conducted with six 
mAbs: two of each IgG isotype and all directed against the same 
epitope of A/3 (A/33-7). The epitope was defined further by 
amino acid substitution analysis; each antibody required the 
same three residues within A/33-7 for binding, and each could 
tolerate substitution within these residues by similar amino acids 
(data not shown). All the antibodies exhibited high avidity for 
aggregated A/31-42 (<1 nM); however, the IgGI antibodies 
showed » 10-fold greater binding avidity than the IgG2a anti- 
bodies (=50 vs. 500 pM) (Table 2). In contrast, only two of the 
antibodies could appreciably capture soluble A/31-42 at anti- 
body concentrations of 20 /Ag/ml: one of the IgG2b antibodies 
(12A11) and, to a lesser extent, one of the IgG2a antibodies 
(12B4). As a measure of their ability to trigger Fc-mediated 
plaque clearance, the six antibodies were compared in the ex vivo 
assay with primary mouse microglial cells and sections of brain 
tissue from PDAPP mice. Irrelevant IgGI, IgG2a, and IgG2b 
antibodies, having no reactivity toward A0 or other components 
of the assay, were used as isotype-matched negative controls. To 
quantify the degree of plaque clearance/A/3 degradation that 
occurred by the end of the assay, Aj3 was extracted from the 
cultures of microglia and brain sections (n = 3) with 8 M urea 
for analysis by ELISA (see Materials and Methods). As shown in 
Fig. 3, the two IgG2a antibodies against A/3 reduced peptide 
levels in the cultures more efficiently (73% and 69%, P < 0.001) 
than the IgGI (28% and 35%, not significant) or IgG2b (48% 
and 59%, P < 0.05 and 0.001, respectively) antibodies. Because 
previous studies showed that ex vivo plaque clearance depends 
on Fc-receptor activity (7) and can occur in the presence of 
heat-inactivated serum, it is unlikely that complement played a 
significant role in mediating the effects observed in the ex vivo 

The antibodies then were investigated for in vivo efficacy. 
Antibody (10 mg/kg) or PBS control was administered by weekly 
i.p. injection for 6 months as described (7). Antibodies within all 
groups maintained similar serum titers against aggregated 
A/31-42 (1:3,500) with the exception of the IgGI antibody 10D5, 



100 




lgG1 lgG2a lgG2b 10D5 6C6 12B4 2C1 12A11 3A3 
Treatment groups 



Fig. 3. Comparing antibodies against A/33-7 in the ex vivo assay, lgG2a 
antibodies clear /3 amyloid plaque more efficiently that either the IgGI or 
lgG2b isotypes. Murine primary microglial cells were cultured with unfixed 
cryostat sections of PDAPP mouse brain in the presence of antibodies of 
different isotypes directed against A/33-7. Irrelevant IgGI, lgG2a, and lgG2b 
antibodies were used as the respective isotype-matched negative controls. 
After 24 h of incubation, the total level of A/3 remaining in the cultures was 
measured by ELISA. The two anti-A/3 lgG2a antibodies reduced A/3 levels in the 
cultures (69% for 2C1 and 73% for 12B4; P < 0.001) more efficiently than the 
lgG2b isotype antibodies (48% for 12A11, P < 0.05, and 59% for 3A3, P < 
0.001). The anti-A/3 IgG 1 antibodies did not significantly reduce A/3 levels. Data 
were analyzed with ANOVA followed by a post hoc Dunnett's test. 



which displayed 3- to 4-fold higher titers (=1:13,000). At the end 
of the study, total levels of cortical A/3 were determined by 
ELISA. Although each of the antibodies significantly reduced 
total A/3 levels compared with the PBS control (P < 0.001) (Fig. 
4a), there was a trend toward greater levels of reduction by the 
two IgG2a antibodies (61% and 69% reduction) than by the IgGI 
(38% and 52%) or the IgG2b (44% and 31%) antibodies. These 
results suggest that the higher affinity of IgG2a for Fc receptors 
is an important parameter for clearance. Furthermore, because 
murine IgGI antibodies cannot fix complement but provided 
levels of A/3 clearance comparable to the complement-fixing 
IgG2b antibodies, complement does not seem to play a critical 
role during the clearance process in vivo. 

The level of neuritic dystrophy then was examined in sections 
of brain tissue from the mice to determine the association 
between plaque clearance and neuronal protection. Again, data 
are shown for individual animals and expressed as the percent- 
age of neuritic dystrophy relative to the mean of the control (set 
at 100%). Although all the antibodies triggered plaque clear- 
ance, only the IgG2a antibodies provided significant reduction in 
neuritic dystrophy (12B4, P < 0.05, and 2C1, P < 0.00i) (Fig. 4 
b and c). Interestingly, the antibody 10D5 (IgGI) was less 
effective than either of the IgG2a antibodies even though it 
exhibited higher avidity for aggregated A/31-42 (Table 2) as well 
as amyloid plaques (data not shown) and maintained signifi- 
cantly higher serum titers than the other antibodies. Thus, 
antibody isotype and affinity for Fc receptors seem to be 
important attributes for both clearance of A0 and protection 
against neuritic dystrophy and may be more important than the 
relative avidity of antibodies for A/31-42 (Table 2). Also, these 
studies confirmed the observation obtained in the peptide 
immunization study described above that antibodies do hot need 
to strongly capture soluble A/31-42 to provide protection against 
neuritic dystrophy. The antibody 12A11 (IgG2b) captured sol- 
uble monomeric A/31-42 more efficiently than either of the 
IgG2a antibodies (Table 1) but was not as effective. Also, both 
IgG2a antibodies provided similar protection even though only 
one could capture the soluble peptide detectably. The results of 
the current study are not necessarily inconsistent with other 
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Fig. 4. Anti-A(3 lgG2a antibodies reduced AD-hke neuropathology more effi- 
ciently than other isotypes in vivo. PDAPP mice received weekly i.p. injections of 
antibodies starting at 12 months of age for 6 months, (a) Total Aj3 levels shown 
for individual mice sorted by treatment group (n = 30). The bars represent 
median values, and the dashed horizontal line indicates the control level. Al- 
though AS levels were reduced significantly in all antibody groups (P < 0.001 vs. 
PBS; ANOVA followed by post hoc Dunnett'stest), the lgG2a groups exhibited the 
highest degree of clearance, (b) The percentage of frontal cortex occupied by 
neuritic dystrophy was determined by image analysis. The different groups 
within this experiment were analyzed in two sets by using the same PBS group as 
an internal standard (PBS-1 and PBS-2). PBS-1 was the control for the 6C6, 10D5, 
12B4, and 12A11 groups, and PBS-2 was the control for the 2C1 and 3A3 groups. 
To compare the groups, values for individual animals are expressed as a percent- 
age of the mean of their respective PBS control group (set at 100%). The bars 
represent median values, and the dashed horizontal line indicates the control 
level. Neuritic dystrophy was reduced significantly only by the lgG2a isotype 
antibodies (12B4, P < 0.05, and 2C1, P < 0.001; ANOVA followed by post hoc 
Dunnett's test), (c) Dystrophic neurites were labeled with the amyloid precursor 
protein-specific antibody 8E5, and were found in association with plaques. Rel- 
ative to PBS control, the neuritic pathology was reduced significantly in animals 
treated with 12B4 but not 10D5. (Scale bar, 250 /xm.) 



investigations and hypotheses surrounding anti-A/3-based immu- 
notherapies. Duration of treatment, route of administration, and 
specific antibody properties all likely have important effects on 



the observed outcomes. For example, Solomon et al. (5) sug- 
gested that anti-A/3 antibodies may directly inhibit or reverse 
amyloid fibril formation. Bacskai et al. (8) provided support for 
the possible direct dissolution mode of action by showing 
removal of plaque in vivo by F(ab')2 fragments of an anti-A/3 
antibody after direct application to the brain. It should be noted, 
however, that in vitro dissolution was reported to be restricted to 
antibodies against A/33-6 (21), whereas the antibody used in the 
in vivo study was against A/31-5. In addition, we show that 
antibodies against fragments A/31-5, A03-9, and Aj35-ll are all 
capable of reducing plaque burden. Thus the mechanism of 
plaque reduction does not seem to have the same restricted 
epitope as reported for in vitro fibril dissolution. Although the 
direct application of high-dose antibody to brain was capable of 
clearing plaque without Fc-mediated phagocytosis, the present 
data demonstrate that the efficiency in reducing plaque burden 
and neuritic dystrophy is best when the antibody isotype maxi- 
mally supports phagocytosis and that efficacy can be achieved by 
antibodies of several epitope specificities that all are capable of 
binding plaque in vivo or ex vivo. 

Another reported mechanism of efficacy is through capture of 
soluble A/3 (6). The use of antibody 266, a high-affinity capture 
antibody, at concentrations sufficient to produce detectable 
cerebrospinal fluid levels reduced plaque burden after chronic 
treatment. It is likely that the capture titer achieved by immu- 
nization with the A/315-24 fragment, although still substantially 
greater than the other immunogens tested in this study, is less 
than that achieved by 266 dosing, and this may impact the 
outcome. Thus it may be possible to achieve the same endpoint 
through multiple mechanisms including a chronic capture of A/3 
species, dissolution of plaques, or phagocytosis of- existing 
aggregates. 

In summary, although antibodies against A/3 may exhibit 
efficacy in a number of ways, protection against AD-like neu- 
ropathology can be obtained by antibodies that bind to plaques 
and trigger Fc-mediated clearance. IgG2a antibodies, which 
v.\l libit higher affinity than other isotypes for phagocytic Fc 
receptors (in particular FcyRI), provided the highest level of 
plaque clearance and were the only anti-A/3 antibodies to 
provide neuronal protection under the conditions tested. Plaque 
clearance seemed independent of complement activation, be- 
cause IgGl antibodies, which cannot fix complement,- were as 
effective as the complement-fixing IgG2b antibodies. These 
results are consistent with the role of high-affinity Fc receptors 
in other clearance systems, where they have been shown to be 
particularly effective for inducing clearance in conditions with 
low antibody concentrations (as would be anticipated in the 
CNS). The density of target-bound IgG that is required for 
complement activation has been reported to be higher than that 
required for Fc receptor-mediated phagocytosis (17). Accord- 
ingly, complement involvement in plaque clearance may be more 
pronounced at higher doses of antibody, where there would be 
an increased density of antibody bound to plaques. Interestingly, 
in contrast to other macrophage-activation paradigms, it has 
been shown that activation of phagocytic cells through Fc 
receptors results in production of the antiinflammatory cytokine 
IL-10 and inhibition of proinflammatory IL-12 (22). Thus, 
antibodies against A/3 may allow resolution of an otherwise 
chronic, unresolving inflammatory response associated with 
plaques in AD by both clearing A/3 and altering the inflamma- 
tory environment. 

In addition, the current studies demonstrate that antibody 
epitopes within the N terminus of A/3 are important for plaque 
clearance and neuronal protection via an Fc-mediated mecha- 
nism. Passive administration of mAbs against defined A/3 
epitopes reduced plaque burden and neuritic pathology to the 
same degree as active immunization. Although the 5- to 7-aa 
residue epitopes used for immunization in our studies are 
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themselves too short to elicit T cell help for antibody production, 
we showed that these epitopes can be synthesized in conjunction 
with an exogenous T cell epitope to produce an efficacious 
antibody response after administration. Such an approach will 
avoid generation of T cell immunity against A/3 as a self-antigen 
and may preclude the potential issues with encephalitis that were 
observed recently with a subset of patients in the clinic after 
immunization with whole A/31-42 (23, 24). Likewise, T cell 
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immunity will not be elicited with passive administration of 
antibodies against A/3. Thus, both immunoconjugates containing 
defined epitopes of A/3 and mAbs against appropriate A/3 
epitopes offer excellent alternatives to whole-peptide immuni- 
zation for the treatment of AD. 

We thank Chuck Davies for advice in the statistical analysis and 
Dr. Manuel Buttini for helpful editorial comments. 



12. Seubert, P., Vigo-Pelfrey, C, Esch, F„ Lee, M., Dovey, H., Davis, D., Sinha, 
S., Schlossmacher, M., Whaley, J., Swindlehurst, C, et al. (1992) Nature 359, 
325-327. 

13. Johnson-Wood, K., Lee, M„ Motter, R., Hu, K., Gordon, G., Barbour, R„ 
Khan, K„ Gordon, M., Tan, H., Games, D„ et al. (1997) Proc. Natl. Acad. Sci. 
USA 94, 1550-1555. 

14. Ravetch, J. V. & Kinet, J .-P. (1991) Annu. Rev. Immunol. 9, 457-492. 

15. Takai, T., Li, M., Sylvestre, D., Clynes, R. & Ravetch, J. V. (1994) Cell 76, 
519-529. 

16. Fossati-Jimack, L., Ioan-Facsinay, A., Reininger, L., Chicheportiche, Y., 
Watanabe, N„ Saito, T„ Hofhuis, F. M. A., Engelbert Gessner, J., Schiller, C, 
Schmidt, R. E„ et al. (2000)7. Exp. Med. 191, 1293-1302. 

17. Azeredo da Silveira, S., Kikuchi, S., Fossati-Jimack, L., Moll, T„ Saito, T., 
Verbeek, J. S., Botto, M., Walport, M. J., Carroll, M. & Izui, S. (2002) /. Exp. 
Med. 195, 665-672. 

18. Arulanandam, B. P., OToole, M. & Metzger, D. W. (1999) / Infect. Dis. 180, 
940-949. 

19. Gerhard, W., Mozdzanowska, K., Furchner, M., Washko, G. & Maiese, K. 
(1997) Immunol. Rev. 159, 95-103. 

20. Wilson, J. A., Hevey, M., Bakken, R., Guest, S., Bray, M„ Schmaljohn, A. L. 
& Hart, M. K. (2000) Science 287, 1664-1666. 

21. Frenkel, D., Balass, M. & Solomon, B. (1998) J. Neuroimmunol. 88, 85-90. 

22. Anderson, C. F. & Mosser, D. M. (2002) /. Immunol. 168, 3697-3701. 

23. Senior, K. (2002) Lancet Neurol. 1, 3. 

24. Schenk, D. (2002) Afar. Rev. Neurosci. 3, 824-828. 



2028 | www.pnas.org/cgi/doi/10.1073/pnas.0436286100 



